In southwestern USA, the jimsonweed Datura wrightii and the nocturnal moth Manduca sexta form a pollinator-plant and herbivore-plant association. Because the floral scent is probably important in mediating this interaction, we investigated the floral volatiles that might attract M. sexta for feeding and oviposition. We found that flower volatiles increase oviposition and include small amounts of both enantiomers of linalool, a common component of the scent of hawkmoth-pollinated flowers. Because (þ)-linalool is processed in a female-specific glomerulus in the primary olfactory centre of M. sexta, we hypothesized that the enantiomers of linalool differentially modulate feeding and oviposition. Using a synthetic mixture that mimics the D. wrightii floral scent, we found that the presence of linalool was not necessary to evoke feeding and that mixtures containing (þ)-and/or (2)-linalool were equally effective in mediating this behaviour. By contrast, females oviposited more on plants emitting (þ)-linalool (alone or in mixtures) over control plants, while plants emitting (2)-linalool (alone or in mixtures) were less preferred than control plants. Together with our previous investigations, these results show that linalool has differential effects in feeding and oviposition through two neural pathways: one that is sexually isomorphic and non-enantioselective, and another that is female-specific and enantioselective.
INTRODUCTION
Floral traits are remarkable examples of sensory stimuli that are important for mediating a variety of biological interactions, including interactions with pollinators (Stensmyr et al. 2002; Heiling et al. 2004; Raguso 2004) . For instance, while providing a reproductive benefit for the plant, floral stimuli can be used by the pollinator for critical life-history functions such as oviposition (Holland & Fleming 1999; Pellmyr 2003) .
In southwestern USA, the jimsonweed Datura wrightii (Solanaceae) and the nocturnal sphinx moth Manduca sexta (Sphingidae) form a pollinator-plant and herbivore-plant association (Alarcón et al. 2008; Bronstein et al. 2009) . Their flowers, which bloom in a single night, are pollinated by adult moths (Alarcón et al. 2008; Riffell et al. 2008) , and the plants serve as food resources for the moth larvae (Mechaber & Hildebrand 2000) . Although this is not an obligatory association, as D. wrightii plants are highly self-compatible and set fruit in the absence of visitors or in greenhouse settings (Raguso et al. 2003; Bronstein et al. 2009 ), fruit set is increased in the presence of pollinators (Bronstein et al. 2009 ). Importantly, plants can tolerate high levels of defoliation and quickly regrow after herbivory (C. E. Reisenman 2009, personal observations) . Moreover, upon herbivory D. wrightii plants reduce photosynthetic rates and redirect resources to storage in the roots (G. Barron-Gafford 2009, personal communication) . Larvae of M. sexta develop well on D. wrightii and have physiological adaptations that allow them to feed on plants containing alkaloids that harm other insects (Glendinning 2002; Wink & Theile 2006) .
While the simultaneous presence of attractive olfactory and visual stimuli is necessary to elicit nectar feeding in M. sexta (Raguso & Willis 2002 , 2005 , female moths rely primarily on olfactory cues to locate and identify host plants for oviposition (Sparks 1969 (Sparks , 1973 Ramaswamy 1988; Zhang et al. 1999) . In the laboratory, females oviposit on non-flowering D. wrightii, indicating that vegetative volatiles mediate recognition and acceptance of host plants. It is possible, however, that in nature floral volatiles (FVs) play a role in mediating oviposition by aiding moths in long-distance olfactionmediated orientation. This idea is supported by the fact that FVs are emitted at much higher rates than vegetative volatiles (Raguso et al. 2003) and therefore are likely to be detected at greater distances. In addition, females may mix nectar foraging and oviposition when visiting plants with feeding usually preceding oviposition (C. E. Reisenman 2009, personal observations) . FVs might also play a role signalling plant quality to ovipositing females.
We thus conducted field, analytical -chemical and behavioural studies to test the components of the floral scent of D. wrightii that might mediate attraction for oviposition. We hypothesized that individual FVs, from among the more than 60 compounds found in the scent of D. wrightii flowers (Raguso et al. 2003) , differentially modulate feeding and oviposition behaviours. We tested this idea focusing on linalool, a compound widespread in floral scents (Knudsen et al. 2006 ) and a common constituent of the floral scent of hawkmoth-pollinated flowers (Miyake et al. 1998; Raguso & Pichersky 1999) . Although a minor component in the D. wrightii flower odour (Raguso et al. 2003) , linalool is an important FV, mediating nectar foraging in M. sexta (Riffell et al. 2009a ). In addition, projection neurons (PNs) associated with a female-specific glomerulus in the primary olfactory centres (the antennal lobes, ALs) of M. sexta, which may be involved in the sensory control of oviposition behaviour (Schneiderman et al. 1986) , respond selectively to (þ)-linalool (Reisenman et al. 2004;  figure S1 in the electronic supplementary material). In contrast, linaloolresponsive PNs associated with sexually isomorphic glomeruli (i.e. glomeruli probably involved in olfactory control of feeding behaviour) respond equally well to both enantiomers of linalool (Reisenman et al. 2004 ).
MATERIAL AND METHODS

(a) Field experiments
In order to investigate whether flowers are attractive to M. sexta for oviposition in the field, a patch of D. wrightii was examined daily during the spring and summer of 2002 and 2004 in Tucson, Arizona, USA. Each morning, the number of flowers and M. sexta eggs oviposited on any part of the plant were recorded, and eggs and flowers were removed. To prevent leaf damage, the eggs were gently removed by rolling them between two fingers until they detached from the plant.
(b) Feeding experiments
Experiments were conducted to determine whether the enantiomers of linalool have differential effects in attracting female moths for feeding. No-choice feeding experiments were conducted in a wind tunnel (L ÂW Â H ¼ 4.0 Â 1.5 Â 1.5 m) with individual laboratory-reared, unmated female moths 3 days post-eclosion. Charcoal-filtered air (25 cm s 21 ) was forced into the upwind end of the wind tunnel and exhausted at the downwind end. FVs were diluted in odourless mineral oil (table 1) . Twenty-five microlitres of FV solution or mineral oil alone was applied to an artificial flower made from odourless, white filter paper. An experimental (loaded with a stimulus solution) or control (loaded with mineral oil alone) artificial flower offering 1000 ml of 20 per cent sucrose solution was placed near the upwind end of the wind tunnel. Individual moths were placed in a screen cage on a release platform 0.7 m above the wind-tunnel floor near the downwind end and carefully released after 1 min. The behaviour of each moth was tracked by video recording. Each test finished after 5 min or when the moth extended its proboscis into the paper corolla to feed. In all experiments, moths and flowers were used only once, and each moth was tested with only one of the treatments. Treatments were conducted in a random order, alternating treatments every two tests; control tests were interspersed.
(c) Oviposition experiments Because we found that flowering plants attract moths for oviposition in field experiments (figure 1a), we tested which FVs might mediate this attraction in the laboratory, focusing on linalool. Dual-choice experiments were conducted in a screened flight cage (2 Â 2 Â 2 m). In each trial, two D. wrightii plants of the same cohort, and as similar as possible in terms of height, foliage and leaf size, were positioned 1.5 m apart. One plant presented a paper flower loaded with different blends of FVs (see below) and the other presented a paper flower loaded with mineral oil alone (figure S1c in the electronic supplementary material). Laboratory-reared female moths 1.5 days post-eclosion were mated and tested individually during the first 2-2.5 h of scotophase in the following night. Each moth was allowed to lay eggs during 10 min after taking flight, and the eggs oviposited in any part of each plant were carefully removed and counted. Moths that did not oviposit were discarded. Tests with fewer than five eggs, or cases in which eggs did not hatch, were discarded. The positions of the experimental and control plants were alternated between tests. Each plant was used only once (in a few cases twice) per night and reused only after at least one week.
(d) Olfactory stimuli Different floral mixtures were used in both feeding and oviposition experiments to test the role of FVs in mediating these two behaviours. The enantiomeric composition of linalool in these mixtures was manipulated to test whether these compounds have differential effects in mediating feeding and oviposition. The identities and amounts of FVs used in these mixtures are listed in table 1. The five-component mixture (containing racemic linalool) has been shown to be an effective mimic of the D. wrightii floral scent in eliciting feeding behaviour in naive moths (Riffell et al. 2009a,b) . This mixture thus served as the basis to determine the effect of the linalool enantiomers on oviposition. Mixture A was identical to the five-component mixture but without linalool ( The same concentration of either (2) responses in M. sexta olfactory receptor cells (Shields & Hildebrand 2000) . The components of mixture B were pseudo-randomly selected from among those of the D. wrightii floral scent to be different from, but to represent the chemical classes of, the FVs in mixture A (i.e. terpenoid and aromatic components). They were present at levels corresponding to those of their counterparts in mixture A and not at their own concentrations in the actual floral scent. et al. 2008) . In addition, eight flowers from eight greenhouse plants were sampled, yielding results consistent with those from field-collected flowers (data not shown). For collection of volatiles, living flowers in greenhouse and field populations of D. wrightii and single branches of potted intact greenhouse-grown D. wrightii plants were enclosed in transparent vinyl oven bags (Reynolds) cinched at 500 ml (Riffell et al. 2008) . Portable diaphragm vacuum pumps (10D1125, Gast Manufacturing Inc., Benton Harbor, MI, USA) were used to pull headspace air through sorbent-cartridge traps at a flow rate of 250 ml air per minute. Collections began near sunset and continued overnight for up to 12 h. Traps were constructed by packing 100 mg of Super Q adsorbent (Alltech, Deerfield, IL, USA; mesh size 80-100) into borosilicate glass tubes (7 mm outer diameter) plugged with silanized glass wool. Trapped volatiles were eluted from cartridges using 400 ml of n-hexane and analysed using gas chromatography-time-of-flight mass spectrometry (GC-TOF-MS). Eluted volatiles were stored at 2808C until used. For analysis, 1 ml of the sample was subjected to GC-TOF-MS using a system comprising an HP 6890 (Agilent Technologies, Palo Alto, CA, USA) gas chromatograph and a TOF-MS (Waters Corporation, Milford, MA, USA). Two GC columns (J&W Scientific, Folsom, CA, USA) were used: DB1 (30 m, 0.25 mm, 0.25 mm) and Chiral SilB (30 m, 0.25 mm, 0.25 mm). Helium was used as a carrier gas at a constant flow rate of 1 ml m 21 . For determination of volatile organic components using the DB1 column, the initial oven temperature was 508C for 5 min followed by a heating rate of 68C per min until 2308C was reached, and held isothermally for further 6 min. For the Chiral SilB column, peak identification was made using TOF-MS with 70 eV electron impact ionization. Chromatogram peaks were tentatively identified through use of the NIST mass spectral library (approx. 120 000 spectra) and verified by GC with authentic standards. Peak areas for each compound were integrated using Micromass MASSLYNX software (Waters Corporation) and are presented as percentage of total volatiles emitted. The peak area for each compound was quantified using either an internal standard (n-nonyl acetate) or through a five-point standard (0.1 ng to 1 mg) of the synthetic odourants, and expressed in units of nanograms per hour and as percentage of total emissions.
(f) Statistical analysis Spearman rank order correlation tests (Zar 1999) were conducted to establish whether the number of eggs and flowers in field experiments were significantly correlated. Sign tests were conducted to establish whether females laid more eggs on one of the two plants. x 2 -tests were used to compare the proportion of females that feed on flowers bearing different odour mixtures. A one-way ANOVA was conducted to compare the emission rates of linalool in flowers and in the synthetic blends. In all cases, statistical tests were considered significant if p , 0.05.
RESULTS
(a) Datura wrightii flowers attract M. sexta for oviposition in field and laboratory experiments While it is well known that D. wrightii plants attract M. sexta for oviposition (e.g. Mechaber et al. 2002) , our results show that flowers also are important in mediating this attraction. In field experiments, we consistently found that the numbers of eggs oviposited on plants were significantly higher on nights when plants had flowers (figure 1a). The numbers of flowers and of M. sexta eggs were highly correlated (r ¼ 0.55, n ¼ 141 and r ¼ 0.67, n ¼ 71 for 2002 and 2004, respectively; in both years p , 0.0001). We therefore tested next whether FVs attract moths for oviposition (in this manuscript, the words 'attractive' and 'repulsive/unattractive' are used to refer to tests in which experimental plants receive, respectively, more or fewer eggs than control plants). Individual females were presented with a flowering D. wrightii plant (bearing one flower) and a plant with a scentless white-paper (artificial) flower (figure S2a and movie S1 in the electronic supplementary material), and allowed to lay eggs for 10 min. Females laid more eggs on the plant with the real flower (sign test, Z ¼ 2.02, n ¼ 12, p , 0.05; figure 1b). To test whether visual floral cues alone can attract moths for oviposition, real and paper flowers were covered with transparent plastic bags (figure S2b in the electronic supplementary material). Moths chose randomly between plants with real and paper flowers (sign test, Z ¼ 0.27, n ¼ 14, p . 0.5; figure 1b), supporting the hypothesis that floral scent attracts moths for oviposition.
(b) Analysis of plant volatiles Because D. wrightii FVs attract moths for both feeding (Raguso & Willis 2002; Riffell et al. 2008 Riffell et al. , 2009a and oviposition (figure 1b), we hypothesized that certain constituents of the floral scent-in particular linalooldifferentially affect these two behaviours. As a first step in testing this possibility, we examined the enantiomeric composition of linalool emitted by D. wrightii flowers and foliage. We found that flowers produce small (less than 1 per cent of the total FV emissions) but consistent amounts of both enantiomers of linalool (figure 2a,b and table 2; figure S3 in the electronic supplementary material), whereas foliage of intact D. wrightii released no detectable linalool ( figure 2c, bottom) . These results indicate that linalool is a flower-specific scent component, at least during scotophase.
(c) Feeding and oviposition are differentially modulated by single floral components Given that flowers produce both (þ)-linalool and (2)-linalool, we tested the effects of these FVs on both the feeding and oviposition behaviours of females. We Floral scent mediate oviposition C. E. Reisenman et al. 2373 hypothesized that the enantiomeric composition of linalool does not differentially affect feeding, because many PNs probably involved in processing information about food-related volatile compounds do not discriminate between the enantiomers of linalool (Reisenman et al. 2004 ).
(i) Feeding experiments
We studied the odour-modulated upwind flight of female moths in a wind tunnel (movie S2 in the electronic supplementary material). We used a synthetic mixture of five FVs (hereafter referred to as five-component mixture; table 1) that is as effective as the natural floral scent in mediating nectar feeding by male M. sexta (Riffell et al. 2009a,b) . In each test, a paper flower offering sucrose solution was impregnated with the solvent alone (control) or one of the synthetic scents. Individual unmated females were tested with the following scents (table 1) (ii) Oviposition experiments We next tested whether the enantiomers of linalool have differential effects on mediating oviposition, because female-specific PNs respond selectively to (þ)-linalool (Reisenman et al. 2004;  figure S1 in the electronic supplementary material). Individual mated females were presented with a plant bearing a paper flower impregnated with a scent (as in the feeding experiments) and a plant with a control paper flower (figure S2c in the electronic supplementary material). We found that plants with a paper flower with the mixture containing (þ)-linalool received more eggs than control plants (sign test, Z ¼ 2.29, n ¼ 20, p , 0.05; figure 4), while those with the mixture containing (2)-linalool received fewer eggs than control plants (Z ¼ 2.25, n ¼ 16, p , 0.05; figure 4). Similar results were obtained when females were allowed to In contrast, plants with paper flowers emitting (2)-linalool alone (linalool enantiomers were tested at the concentration emitted from a living flower; table 2) received fewer eggs than control plants (Z ¼ 3.09, n ¼ 16, p , 0.005; figure 4). When we tested females with the fivecomponent mixture containing both linalool enantiomers or simply with a mixture of linalool enantiomers at the natural ratio, moths oviposited on experimental and control plants randomly (Z ¼ 0.67, n ¼ 20, p . 0.5 and Z ¼ 1.27, n ¼ 21, p . 0.1). Thus, the presence of (þ)-linalool could partially reverse the adverse effect of (2)-linalool on oviposition.
To further test the effectiveness of (þ)-linalool as an attractant for oviposition, we used a mixture that lacks linalool (mixture B; table 1) and comprised four D. wrightii FVs different from those in mixture A but at the same total concentration. As with mixture A, which also lacked linalool, moths avoided plants with paper flowers bearing mixture B (sign test, Z ¼ 2.06, n ¼ 15, p , 0.05; figure 5). When (þ)-linalool was added to mixture B, however, moths chose experimental and control plants equally (Z ¼ 20.25 , n ¼ 16, p . 0.8; figure 5 ). This experiment confirmed that addition of (þ)-linalool to an unattractive floral scent stimulates oviposition.
Comparison of experimental series showed that plants with real flowers, with the five-component mixture containing (þ)-linalool or with (þ)-linalool alone, were equally attractive. In contrast, plants with either of the two mixtures lacking linalool, with the five-component mixture containing (2)-linalool or with (2)-linalool alone were similarly avoided (figure S5a in the electronic supplementary material). In all experimental series, females laid similar average numbers of eggs (figure S5b in the electronic supplementary material), indicating that in all cases females actively oviposited on plants.
DISCUSSION
Taking advantage of the plant -pollinator and plantherbivore association between D. wrightii and M. sexta, we investigated the effects of FVs on feeding and oviposition behaviours. We tested the hypothesis that certain FVs have distinct effects on moth behaviour. In field and laboratory experiments, we found that the presence of flowers on D. wrightii plants attracts moths for oviposition (figure 1) and that the floral-specific volatiles (þ)-and (2)-linalool have different effects on feeding and oviposition behaviours (figures 3-5). Plants bearing (þ)-or (2)-linalool were, respectively, attractive and repellent to moths for oviposition, while the presence of either or both enantiomers of linalool in mixtures had a neutral effect on nectar feeding.
Our results suggest that (þ)-linalool might be an oviposition attractant. For the silkworm Bombyx mori, it has been reported that a highly female-biased olfactory receptor responds to (+)-linalool (Anderson et al. 2009 ). Linalool is a common component of the scent of moth-pollinated flowers (Miyake et al. 1998; Raguso & Pichersky 1999) , and (þ)-linalool is the major floral component in the moth-pollinated Clarkia breweri (Raguso & Pichersky 1999) . While foliage volatiles from host plants are sufficient to elicit oviposition in laboratory experiments (Mechaber et al. 2002) , it is possible that in nature floral (þ)-linalool acts in concert with foliage volatiles to attract M. sexta from a distance and/or at close range to elicit oviposition behaviour. If so, then the effects of (þ)-linalool parallel the reported scale-dependent effects of CO 2 on visits of hungry M. sexta moths to D. wrightii flowers (Goyret et al. 2008) . Because it is produced only by flowers, (þ)-linalool might indicate plant quality to the moths.
Although D. wrightii flowers emit both enantiomers of linalool (figure 2) and are attractive for oviposition (figure 1), we found that moths avoided ovipositing on plants emitting (2)-linalool (figure 4). It is possible that in our experiments (2)-linalool interferes with the attractiveness of foliage volatiles from host plants (Chapman et al. 1981; Thiéry & Visser 1986) or that (2)-linalool is repellent (Dethier et al. 1960; Hori 1998) . Plants defend themselves against insect herbivory by producing volatiles (including linalool; see below) that provide host-location cues for insects that are natural enemies of the herbivores (De Moraes et al. 1998; Baldwin & Preston 1999; Paré & Tumlinson 1999; Schnee et al. 2006) . Indeed, feeding by M. sexta larvae on tobacco plants induces systemic production of enantiomerically uncharacterized linalool (De Moraes et al. 2001; Kessler & Baldwin 2001) and decreases oviposition by the closely related moth Manduca quinquemaculata (Kessler & Baldwin 2001) . For tomato, a favourite host plant of M. sexta, a monoterpene synthase that produces only (2)-linalool was reported to be induced in response to herbivory (van Schie et al. 2007) . Feeding of Nalepella sp. mites on spruce induces release of (2)-linalool (Kännaste et al. 2008) . This suggests that (2)-linalool might be a general insect oviposition deterrent produced by larva-damaged foliage, although whether larvadamaged D. wrightii plants produce (2)-linalool remains to be investigated. Larvae of M. sexta grow to be so large that a single larva can completely defoliate its host by the end of its last instar (McFadden 1968) . For example, an individual M. sexta larva can process approximately 1700 cm 2 of leaves (Heinrich 1971; Casey 1976) , which is greater than the size of many D. wrightii plants. Thus, an ovipositing female should avoid plants where potential competitors of her offspring are already present, and we propose that (2)-linalool produced by larva-damaged plants might signal larval presence.
We found that plants with real flowers or paper flowers with the floral mixture containing (þ)-linalool were preferred over control plants, while plants with the mixture containing both enantiomers of linalool were as preferred as control plants (figure 4). These results indicate that the reduced five-component floral mixture containing (2)-linalool (which is a negative stimulus) is not as effective as the complete floral odour. Thus, it is likely that the presence of other FVs in combination with both enantiomers of linalool is necessary to mediate oviposition attraction.
Given the opposite behavioural effects and likely functions of (þ)-and (2)-linalool, one might ask why D. wrightii flowers produce both enantiomers of linalool. Linalool is produced from geranyl diphosphate, the universal precursor of monoterpenes, in a reaction catalysed by monoterpene synthases that produce either (þ)-linalool (Raguso & Pichersky 1999) or (2)-linalool (van Schie et al. 2007) . One possibility is that D. wrightii flowers have co-opted the enzymatic pathway producing (2)-linalool to reduce oviposition by moths, a scenario that would not preclude flowers from attracting moths for nectar feeding, and hence pollination. Another possibility is that the relative concentrations of (þ)-and (2)-linalool change throughout the season. It has been shown that the rearing environment can have an important effect on floral scent composition, including monoterpenes (Majetic et al. 2009 ).
We previously found that the presence of a monoterpene with an alcohol functional group is necessary to mediate feeding in male M. sexta, with linalool being highly effective (Riffell et al. 2009b ). Although we have not explicitly tested whether this is also the case in females, we found that addition of one or both enantiomers of linalool to floral mixtures that contain other monoterpenoids with an alcohol functional group does not differentially affect feeding. In contrast, we found that oviposition responses are enantioselective, with (þ)-and (2)-linalool, respectively, causing attraction Floral scent mediate oviposition C. E. Reisenman et al. 2377 and repellence. These findings correlate well with our previous investigations showing that most sexually isomorphic linalool-responsive AL PNs are nonenantioselective, while certain female-specific AL PNs are highly selectively responsive to (þ)-linalool (Reisenman et al. 2004) . It is possible that the antenna of female M. sexta has different populations of olfactory receptor cells specifically tuned to (þ)-linalool and (2)-linalool that project to distinct glomeruli involved in controlling oviposition behaviour, although this remains to be investigated. These results suggest that processing of sensory information about linalool via two distinct olfactory pathways leads to behavioural effects that are context-specific, such that (þ)-linalool is attractive for oviposition and (2)-linalool is unattractive or repellent for oviposition but not for feeding.
